INTRODUCTION
Cutis laxa is an acquired or inherited skin disease characterized by pendulous, redundant and inelastic skin. Inherited forms of this disease show remarkable locus heterogeneity. All cutis laxa syndromes described to date are associated with elastic fiber abnormalities. X-linked cutis laxa or occipital horn syndrome (MIM 304150) is caused by mutations in the ATP7A Cu 2þ transporter gene (1) . Cu 2þ is an essential cofactor of lysyl oxidases (LOXs), a family of enzymes necessary for cross-linking fibrillar collagens and elastin. Autosomal dominant cutis laxa (MIM 123700) is caused by mutations in the elastin gene (ELN) (2) (3) (4) (5) (6) (7) , encoding the main structural component of elastic fibers. Autosomal recessive cutis laxa type 1 (MIM 219100), characterized by severe developmental emphysema and tortuosity, aneurysms or obstructive disease of the main systemic and pulmonary arteries has been shown to be caused by a mutation in FBLN5 (8, 9) or EFEMP2 (10, 11) , encoding the elastic fiber proteins fibulin-5 and fibulin-4 (also known as epidermal growth factor-containing fibulin-like extracellular matrix protein 2), respectively.
Autosomal recessive cutis laxa type 2 (ARCL2), also known as Debré-type cutis laxa (MIM 219200), is associated with growth and developmental delay, facial dysmorphia, delayed closure of the fontanelle, structural brain abnormalities, seizures, frequent mental impairment and combined disorder of N-and O-linked glycosylation (12) . Thus, ARCL2 can also be considered as a congenital disorder of glycosylation (CDG), member of a growing group of inherited diseases characterized by impaired attachment of sugars to proteins in the secretory pathway (13) . CDGs are caused by mutations in glycosyl transferases, sugar transporters and subunits of the conserved oligomeric Golgi (COG) involved in membrane trafficking (14 -16) . Among CDGs, COG7 mutations can result in wrinkly skin (16) , but these patients can be differentiated from ARCL2 based on clinical and biochemical criteria (17) .
ARCL2 shares many features with wrinkly skin syndrome [WSS (MIM 278250)]. A whole genome linkage and positional cloning study led to the discovery of the gene for both ARCL2 and WSS (18) . The causative gene, ATP6V0A2, encodes the a2 subunit of the vesicular H þ -pump. The goals of this study were to better define the phenotypes and genotypes associated with ARCL2 and to uncover the mechanisms leading to elastic fiber abnormalities in this disease.
RESULTS

Clinical and biochemical findings
The clinical features of the 17 patients included in this study are summarized in Table 1 . Most patients were singletons. Familial cases included a sibling pair represented by Patients 7 and 8; Patients 11, 14 and 16 were from families with 2, 2 and 3 affected sibs, respectively. Detailed clinical description of Patients 1 -6, 7, 8 and 16 has been published earlier (12, 19) . All children were born at term, except for Patient 6 (born at 35 weeks of gestation). No abnormalities were observed during the pregnancies, except for oligohydramnios in Patient 4. All patients, except for Patients 2 and 4, had normal growth parameters at birth. Congenital microcephaly was observed in Patients 2, 3, 4 and 6. The most frequently observed clinical lesions were the following: characteristic facial features ( Fig. 1A -H) , neonatal presence of cutis laxa or wrinkly skin (Fig. 1C , E -G, I and J), large anterior fontanelle with delayed closure, joint laxity, eye abnormalities (Fig. 1B) , microcephaly ( Fig. 1H ), developmental delay, intellectual disability and partial pachygyria. Ophthalmologic evaluation showed strabismus in 13 patients (Patients 2 -5, 7 -10 and 14-16). Myopia (,25 diopters) was detected in Patients 1 and 5 and hyperopia in Patient 6. Brain developmental anomalies included lesions of variable severity in nine children; multicystic frontal lesions, bilateral frontotemporal pachygyria/polymicrogyria, white matter anomalies, delayed myelinization and cerebellar hypoplasia.
Most patients had at least 5 of the 10 common lesions associated with ARCL2, also including growth delay and hernias. Besides the sporadic occurrence of congenital joint anomalies (bilateral hip dislocation in Patient 4) and seizures (Patient 5), other less frequent anomalies of clinical importance were observed including cardiovascular (coarctation of the aorta with bicuspid aortic valve and atrioventricular septal defect in Patients 6, 8 and 9) , urogenital (vesico-urinary reflux and ureter dilatation in Patients 4, 9 and 10), hematologic (prolonged activated partial thromboplastin time and decreased factor XI levels in Patients 3 and 14) and hepatic function (elevated alanine aminotransferase and aspartate aminotransferase levels in Patients 1 and 2) abnormalities.
Isoelectric focusing of serum proteins indicated an isolated O-glycosylation abnormality in Patients 2 and 4 at a very young age (,6 months, Fig. 1K and L, lane P4a), whereas repeat samples showed a combined N þ O-glycosylation disorder in both cases ( Fig. 1K and L, lane P4b). Most patients tested showed abnormal N-and O-linked glycosylation,
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Human Molecular Genetics, 2009, Vol. 18, No. 12 whereas some (Patients 10, 12 and 13) showed an isolated N-glycosylation defect ( Table 2 ). The types of both N-and O-glycosylation profiles were consistent in all patients: a typical disialotransferrin isofocusing profile with increased disialo-and trisialotransferrin fractions (Fig. 1K , lane P4b) was combined with an ApoCIII 1 profile with increased levels of mono-sialylated ApoCIII 1 and decreased di-sialylated ApoCIII 2 isoforms (Fig. 1L , lane P4b).
ATP6V0A2 mutations in ARCL2
To identify the molecular basis of ARCL2 in these patients, we searched the ATP6V0A2 gene for mutations by direct sequencing. Either homozygous or compound heterozygous mutations were identified in 17 patients yielding a total of 18 different mutations (Table 3 and Fig. 2) . A high level of allelic heterogeneity was observed including nonsense (n ¼ 4), frameshift (n ¼ 7), splice site (n ¼ 2), exon deletion (n ¼ 1) and missense (n ¼ 4) mutations distributed evenly across the gene with no evidence of clustering. In the present study, homozygous deletion of exon 16 was found in four independently identified individuals, three from Turkey and one from Iran (Fig. 2B) . Mutation p.Q765X, found in two patients in this study, has been previously reported in a different patient (18) . All other mutations reported here were unique. To confirm the mutations, parental samples were genotyped if available. Both parents of Patients 5, 7 and 8, 14 and 16 were heterozygous for one mutation each. The majority of the mutations were expected to severely disrupt the function of ATP6V0A2 either by introducing premature termination codons (PTCs) and altering splicing or by deleting important domains. Four missense mutations were found. Patient 13 was compound heterozygous for missense mutation p.P87L and frameshift mutation p.S27fsX54. The P87 residue showed conservation in mammals but not in other vertebrates (Fig. 3A) . Consistent with p.P87L being a hypomorphic mutation, Patient 13 showed very mild manifestations limited to cutis laxa and inguinal hernia, and a correspondingly low clinical severity score of 0.15 (Table 1) .
Patient 1 carried two missense mutations, both in a homozygous state. Mutation p.P405L was located adjacent to the first transmembrane (TM) helix and p.R510I in the second lumenal loop region ( Fig. 2A) . Although P405 was conserved in all vertebrates, R510 was not (Fig. 3A) , suggesting that P405L was the likely disease allele. Patients 7 and 8 were homozygous for p.P792R. Residue P792 is located in the 9th TM helix ( Fig. 2A) and is highly conserved in vertebrates (Fig. 3) . The clinical manifestations of Patient 1 were moderately severe (clinical score ¼ 0.35) ( Table 1) . Patients 7 and 8 were severely affected (clinical scores ¼ 0.47 and 0.53) ( Table 1) . Although the mean clinical score of patients with at least one missense mutation was less compared with those with only premature termination mutations or homozygous exon 16 deletion, this difference was not significant statistically (Fig. 3B) . High frequency of proline substitution mutations in ARCL2 suggests that prolines located in the proximity or within the TM helices are essential for ATP6V0A2 function. Indeed, recent biophysical studies have demonstrated that prolines are essential for the thermodynamic and structural stability of TM helices (20) . Table 1 . Clinical characteristics of ARCL2 patients Clinical features P 1 P 2 P 3 P 4 P 5 P 6 P 7 P 8 P 9 P 10 P 11 P 12 P 13 P 14 P 15 P 16 P 17 Frequency analysis showed that patients with at least one mutation predicted to introduce a PTC had significantly reduced steady state ATP6V0A2 mRNA levels (Fig. 4A) . In contrast, abundance of ATP6V0A2 mRNA with missense mutations was not significantly different from control. Upon incubation with cycloheximide (CHX), which blocks nonsense-mediated decay, the expression of mutations p.R133fsX135 and p.Q765X increased ( Fig. 4B and D) . Interestingly, mutation S27fsX54 was not expressed at the mRNA level (Fig. 4C) , even after treatment with CHX, suggesting that this mutation interferes with either transcription or RNA stability through a different mechanism.
Abnormal Golgi apparatus and vesicles in ARCL2
We investigated the consequences of ATP6V0A2 deficiency by siRNA knockdown experiments in HeLa cells. The loss of the a2 (Fig. 5A ). Confocal microscopy of cells treated with ATP6V0A2 siRNA and subsequently stained for Golgi markers Giantin and GM130 showed dispersed, vesicular morphology of the Golgi apparatus compared with continuous membrane structures in control cells (Fig. 5B ). Electron microscopy (EM) showed tight Golgi stacks in control cells (Fig. 5C ) and swelling of the cisternae in knockdown cells (Fig. 5D ). We next studied patient-derived skin fibroblasts under postconfluent conditions when the cells were actively secreting extracellular matrix. ARCL2 fibroblasts showed disruption and swelling of the Golgi apparatus by immunostaining (Fig. 6A, Patient 9 ) and EM ( Fig. 6C and D, Patient 1) , as we observed in the siRNA knockdown experiments. In addition, ARCL2 cells contained abundant autophagosomes ( Fig. 6D and E) multivesicular bodies ( Fig. 6E ) and large lysosomes ( Fig. 6C and E), which were not observed in control cells (Fig. 6B) .
Preserved synthesis and function of key elastic fiber glycoproteins in ARCL2
Reduced or abnormal elastic fiber formation is a shared causative mechanism in all cutis laxa syndromes described to date (21) . Elastic fiber biosynthesis requires a scaffold of fibrillin microfibrils and a family of extracellular cross-linking enzymes, lysyl oxidases (LOXs) (22) . Both fibrillins and LOXs are N-glycosylated. Thus, we tested if secretory abnormalities in ARCL2 interfered with the function of these key elastic fiber molecules. Immunostaining for fibrillin-1 showed normal density and morphology of microfibrils in all three ARCL2 fibroblast cultures tested. Representative fibrillin-1 staining is shown for a control and Patient 1 ( Fig. 7A and B). LOX activity from concentrated conditioned media was slightly elevated in ARCL2, indicating that the synthesis and secretion of LOXs was also not impaired ( Fig. 7C ).
Abnormal elastin deposition in ATP6V0A2 mutant cells
Despite normal microfibrillar network and elevated LOX activity, elastin staining using an antibody against the alpha elastin fraction of insoluble elastin revealed a diminished elastic fiber network in all three ARCL2 fibroblast lines tested. Representative elastin staining is shown for Patient 1 ( Fig. 7D and E). Quantitative assessment of insoluble elastin by metabolic labeling and biochemical isolation showed accelerating synthesis of insoluble elastin with culture time in control fibroblasts ( Fig. 7F) . Initially, ARCL2 fibroblasts were able to deposit low amounts of elastin, but later the mutant cells
were not able to sustain high levels of elastin production. Similar results were obtained in three independent experiments. Normalization to either total 3 H-leucine incorporation into the cell layer (Fig. 7F ), or to cell number, or to both (not shown) did not alter the results, showing that decreased elastin deposition was not caused by inefficient leucine uptake and utilization by ARCL2 cells or by reduced cell numbers.
In both control and patient cells, staining by antibodies against human recombinant tropoelastin (TE), the soluble precursor of elastin detected fibrillar material and globular pericellular aggregates ( Fig. 7G and H), known to be intermediates of elastic fiber formation (23) . In contrast, ARCL2 cells showed very little fibrillar elastin, and most immunoreactivity was found in globular TE deposits. Quantitative morphometry showed that the number of globular TE aggregates per cell was significantly increased in ARCL2 cells compared with controls (Fig. 7I ).
Defective TE trafficking and secretion in ARCL2
In addition to the extracellular TE aggregates and fibrillar material observed ( Fig. 7G and H) , TE antibodies strongly stained intracellular vesicles including perinuclear structures 
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Human Molecular Genetics, 2009, Vol. 18, No. 12 similar to the Golgi apparatus (data not shown). Dual immunostaining of control cells for the Golgi marker GM130 and TE showed colocalization in some (Fig. 8B ), but not all, cells (Fig. 8A ). This is consistent with the previously published observation that at a given time only a subset of cultured cells secrete TE (24) . In contrast, most ARCL2 cells showed abundant TE staining in distended and fragmented Golgi sacs (Fig. 8C) . In some ARCL2 cells, TE-containing Golgi vesicles merged to form a single large intracellular aggregate (Fig. 8D) . The endoplasmic reticulum (ER) marker BiP/GRP78 did not show colocalization with TE in either control or ARCL2 cells (data not shown).
To provide further evidence for impaired TE secretion, we conducted pulse-chase immunoprecipitation experiments. After 4 h pulse labeling, control cells quickly accumulated labeled TE with a peak at 30 min chase (Fig. 8E) , followed by a decline in intracellular TE, consistent with rapid secretion of TE (25) . In contrast, ARCL2 cells continued to accumulate TE for up to 1 h chase. TE in the media of control cells rapidly increased, with a plateau after 15 min chase. Conversely, TE appeared in the media of ARCL2 cells more slowly (Fig. 8F ).
Increased apoptosis in ARCL2
Some ARCL2 cells appeared to store large amounts of TE vesicles (Fig. 9A) , consistent with our EM observations (Fig. 6E) . TE storage was associated with an abnormal nuclear morphology characteristic of dying cells. TUNEL staining for apoptotic cells (Fig. 9B and C) showed 4% apoptosis rate in control cell lines, whereas 12% of ARCL2 cells were apoptotic (Fig. 9D) , a highly significant difference. Notably, the cell density in ARCL2 cells was not reduced, suggesting that increased proliferation compensated for the loss of cells. This is consistent with a published report showing that fibroblasts producing reduced amounts of elastin have elevated proliferation rates (26) .
DISCUSSION
Our studies provide molecular and clinical data on the largest group of ARCL2 patients described to date, providing the best estimate so far of the prevalence of each phenotypic component of this syndrome. In children diagnosed with ATP6V0A2 mutations, we observed a relatively low frequency of growth delay, previously considered as one of the diagnostic hallmarks of ARCL2 (17) . Even more interesting is the high prevalence of congenital eye anomalies in patients diagnosed with ATPV0A2 mutations and ARCL2/WSS. The most common ocular abnormality is strabismus, a characteristic feature of congenital disorders of glycosylation. Therefore, we suggest prospectively screening children with ARCL2 for ophthalmologic anomalies.
Based on the current findings, the frequency of congenital brain anomalies in ARCL2 has been underestimated as well. We observed a spectrum of variable brain malformations, including white matter heterotopias, and other developmental defects from partial pachygyria to lissencephaly in several children. However, none of these brain malformations are specific for ATP6V0A2 mutations because brain malformations have also been reported in mutation-negative ARCL2 patients (18) .
Liver function anomalies and coagulation defects have not been reported previously, except for sporadic cases with ATPV0A2 mutations (12) . Although the prevalence of these features is quite low, if present, they might predict a putative 'metabolic' subgroup of ARCL2. Additionally, one should emphasize the significance of screening with isoelectric focusing of both transferrin and apolipoprotein CIII in the diagnostic protocol of ARCL2. Even though the biochemical analysis for N-glycosylation has been shown to be normal in all patients tested during the first-half year of life (three patients so far), mucin type O-glycosylation was abnormal. After this initial period, abnormal N-glycosylation remains the best predictive marker for the underlying genetic disorder. Biochemical testing is especially important in cases with mild systemic involvement, such as Patient 13, where clinical diagnosis of ARCL2 is difficult.
A weak genotype-phenotype correlation was detected. The lowest clinical score was observed in Patient 13 who harbored a missense mutation (p.P87L) of a moderately conserved residue within the N-terminal, cytoplasmic portion of ATP6V0A2. The second lowest clinical score was found in Patient 1 who also carried a missense mutation. In contrast, the two patients who carried the missense mutation p.P792R that affects a highly conserved proline within a putative TM helix had a phenotype within the range found for most other mutations. In four patients of Middle Eastern origin, we detected a deletion of exon 16, which results in an in-frame deletion of a peptide encoding TM helix VI. The inevitable loss of function of the resulting protein is reflected by a relatively high clinical score (mean score ¼ 0.49, range ¼ 0.41-0.62). Children carrying truncating mutations (Patients 3, 5, 6, 11, 12, 14, 15, 16 and 17) had a similarly high score (mean score ¼ 0.50, range ¼ 0.41-0.65), correlating with a more severe clinical presentation. However, there was no statistically significant difference in clinical scores by mutation class.
We provide the first experimental evidence that ATP6V0A2 mutations cause ARCL2 via a loss-of-function mechanism. This conclusion is supported by the high frequency of mutations that disrupt the reading frame, and significantly reduced ATP6V0A2 mRNA levels in fibroblasts carrying PTC mutations. We also demonstrate that abnormal elastin biosynthesis is an important disease mechanism underlying ARCL2. We have shown that ARCL2 fibroblasts can elaborate normal microfibrillar scaffold and can secrete LOXs with normal activity. However, the assembly of elastic fibers was clearly defective in high-density cultures with low levels of insoluble elastin synthesis and the deposition of abnormal globular aggregates of TE.
Our electron microscopic and immunostaining studies suggest that the intracellular trafficking of TE-containing vesicles may be defective. This is supported by the swelling and fragmentation of the Golgi apparatus and the accumulation of abnormal, TE-positive Golgi vesicles in ARCL2 fibroblasts. We, furthermore, show that intracellular accumulation severely disrupts the secretion of TE. Interestingly, the ultrastructure of multivesicular bodies and lysosomes vesicles in RT-PCR products (cDNA) were subjected to direct DNA sequencing to monitor the expression of mutation p.R133fsX135, and sequence traces were aligned to a trace from a control sample. (C) Fibroblasts from Patient 14, compound heterozygous for mutations p.P87L and p.S27fsX54 did not express mutation p.S27fsX54 at the mRNA level, even in the presence of CHX. Sequence traces of the cDNA were aligned to the sequence of genomic DNA from the patient (gDNA) as a reference. The position of the mutation in each sequence alignment is shown by an arrow. (D) Quantitative RT -PCR analysis of ATP6V0A2 mRNA expression in ARCL2 fibroblasts treated with CHX (þ) or left untreated (2). GAPDH was used as an internal reference gene, and data were normalized to the mean of measurements from four control, untreated fibroblasts. Bars show means + SEM of three independent experiments, each with triplicate samples, ÃÃ P , 0.01 and ÃÃÃ P , 0.001 (t-test). ARCL2 cells is similar to those observed in the zebrafish mutant, 'catastrophe' caused by a mutation in the atp6v0d1 gene encoding the d1 subunit of the vacuolar H þ -ATPase (27) , highlighting the essential and general role of the vacuolar ATPase in vesicular trafficking, sorting and maturation (28) (29) (30) .
Despite characteristic structural abnormalities of the secretory pathway, our results show that in ARCL2 cells, the production and function of several secreted glycoproteins including fibrillin-1 and LOXs are not affected. Fibronectin is known to be required for microfibril formation (31, 32) . Thus, the finding of abundant fibrillin-1 microfibrils in ARCL2 cell cultures suggests that, by extension, fibronectin function is also normal in ARCL2. Preserved LOX activity in ARCL2 cells is particularly relevant in comparison to the 'catastrophe' mutant, which exhibits pigmentation and notochord defects under limited Cu 2þ availability, consistent with impaired cuproenzyme activity. Notochord defects are characteristic of functional deficiency of LOXs (33) . Taken together, these findings demonstrate that mutations in different subunits of the vacuolar H þ -ATPase can lead to defects in the trafficking of specific secretory proteins. In 'catastrophe', an atp6v0d1 mutation results in reduced LOX activity, whereas, in ARCL2, ATP6V0A2 mutations result in preserved LOX activity but impaired TE trafficking.
Past studies of cellular trafficking of TE suggest that this protein utilizes a constitutive secretion pathway with rapid release of newly synthesized TE into the extracellular space (24) . This process was shown to be dependent on an acidic vesicular compartment and could be inhibited by the vacuolar H þ -ATPase inhibitor bafilomycin, or by treating the cells with ammonium chloride, a chemical that neutralizes acidic vesicles (24) . The specific sensitivity of TE secretion to reduced vesicular acidity may be related to the aggregation properties of this protein. TE has a unique ability to undergo a spontaneous phase transition, called coacervation, which yields a high concentration protein aggre- gate. Increasing TE concentration, ionic strength, temperature and pH facilitate coacervation (34) . This process is thought to be essential for elastin assembly in the extracellular space. At neutral pH, coacervation occurs at body temperature (378C), whereas at the acidic pH present in normal secretory vesicles (pH 5.7) the coacervation temperature is 408C (34) . This property ensures prompt coacervation upon release to the extracellular matrix but keeps TE in solution in secretory vesicles at body temperature. Loss of ATP6V0A2 is likely to lead to elevated vesicular pH and premature aggregation of TE, which may interfere with the trafficking of secretory vesicles within and distal to the Golgi, resulting in the accumulation and abnormal morphology of vesicles we observed by EM and immunostaining. Alternatively, the formation of a secretory carrier could be impaired due to defective recruitment of ADP-ribosylation factors that are known to bind Golgi membranes in a pH-dependent manner (35) . The inability to turn over TE-containing secretory vesicles may in time lead to cell death and release of vesicles into the extracellular space. This notion is supported by the observed accumulation of vesicular material containing TE in ARCL2 cells, the increased number of globular TE aggregates and the increased rates of apoptosis in ARCL2 cells. Although it is not necessary to invoke abnormal glycosylation to explain the observed TE aggregation in the Golgi, recent studies show that removal of sialic acid residues from glycoconjugates in the extracellular matrix accelerates were immunostained for fibrillin-1 (A and B) a-elastin (D and E) and TE (G and H). Nuclei were counterstained with propidium iodide (red). Magnification bars: 50 mm. (C) LOX activity in concentrated conditioned media was measured using the amplex red fluorescence assay as activity inhibitable by BAPN. Means show triplicate samples from three control and three patient fibroblasts, respectively, + SEM.
Ã P , 0.05 (t-test). (F) Skin fibroblasts of the patients and control subjects were labeled with 3 H-leucine, and elastin was isolated by boiling in 0.1 N NaOH. The insoluble elastin obtained this way was hydrolyzed and 3 H-leucine incorporation was quantified by scintillation counting. The results were normalized to the total radioactivity incorporated into insoluble proteins in the cell layer. Data points show means of four fibroblast lines for each group + SEM.
ÃÃ P , 0.01 (t-test). (I) Quantitative analysis of globular elastin aggregates was based on staining of three control cell lines and four ARCL cell lines. Three low power fields were used for counting in each line, and results were averaged by group. Bars indicate means + SEM, ÃÃ P , 0.01 (t-test).
elastin deposition, and animals or cells deficient for silaidase (neuraminidase-1) show abnormal elastin deposition (36, 37) . Thus, it is possible that reduced sialylation of an as yet uncharacterized glycoprotein chaperone may contribute to the premature aggregation of TE in the Golgi by replicating a glycan milieu similar to the extracellular space. Abnormal elastin biosynthesis and increased apoptosis of fibroblasts readily explains cutis laxa and connective tissue phenotypes associated with ARCL2 but is an unlikely cause of the neurodevelopmental and growth defects associated with this disease because elastin is not known to be required for brain or bone growth. However, our results suggest that impaired secretion of specific brain or bone proteins with similar biochemical properties to TE may be considered as a potential mechanism underlying the neural and skeletal defects in ARCL2. 
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MATERIALS AND METHODS
Subjects
The patient, parents and normal control individuals participated in this study following informed consent. This study has been approved by the Human Studies Committee of Washington University School of Medicine. Tissue samples were collected as skin biopsies. Normal control tissue samples were provided by the Cooperative Human Tissue Network, which is funded by the National Cancer Institute. Other investigators may have received specimens from the same subjects. Control DNA was obtained from normal volunteers of diverse ethnic backgrounds. DNA was isolated from peripheral blood or dermal fibroblasts by isolating nuclei, followed by proteinase K digestion and phenol extraction (38) .
Clinical evaluation
The following clinical features have been evaluated and scored according to the involvement of organs and organ systems, functional and laboratory anomalies: skin, congenital cutis laxa/wrinkled skin; skeletal, large fontanelles or delayed closure; brain/neurocranium, microcephaly, partial pachygyria; joints, congenital hip luxation, joint laxity; connective tissue, hernias; heart, congenital cardiac anomalies; urinary system, congenital urogenital anomalies; CNS function, seizures, developmental delay; growth, small for gestational age or delayed growth; liver, liver function anomalies; coagulation, coagulation anomalies.
Glycosylation studies
In available serum samples, protein N-glycosylation and mucin type O-glycosylation was studied by isoelectric focusing of transferrin and apolipoprotein CIII, respectively, as described previously (39) .
Mutational analysis
Intron-derived primers for PCR amplification of all 20 ATP6V0A2 exons (Table 4) were synthesized using sequence information obtained from the reference sequence (GenBank accession number NT_009755). Intron/exon boundaries were deduced from information available in the Ensembl database and by comparison with the ATP6V0A2 cDNA (GenBank accession number NM_012463). Primers were designed using the Vector NTI advance program version 9.1, on the basis of the annotated genomic sequence across each exon, including regions of at least 80 -100 bp of flanking intervening sequence. Larger exons were subdivided to allow for optimal product lengths, whereas small exons and intronic regions were grouped into single optimal product. PCR amplifications were performed in a 25 ml volume with 100 ng of genomic DNA, 25 mM of each primer, 200 mM dNTPs, 10 mM Tris, pH 8.0, 50 mM KCl, 1.5 mM MgCl 2 and 0.125 U of AmpliTaq GOLD DNA polymerase (Applied Biosystems, Foster City, CA, USA). Conditions for PCR were 10 min of initial activation step at 958C, followed by 35 cycles of denaturation at 958C for 30 s and annealing at 628C for 30 s, and an extension at 728C for 30 s and a final 7 min extension at 728C. An Human
annealing temperature of 658C was used for PCR amplification of exon 1, 648C for exon 10 and 698C for exon 17. Purified PCR-amplification products were sequenced using BigDye-terminator chemistry and were electrophoresed on ABI 3730XL (Applied Biosystems) using the manufacturer's standard protocol and reagents. Sequence analysis of both the sense and antisense strands of the PCR-amplified fragments was performed with the aid of Sequencher 4.5 software (GeneCodes, Ann Arbor, MI, USA). Sequence electropherograms were compared with the reference gene sequences. DNA sequencing of two independent amplification products confirmed mutations. To rule out polymorphisms, observed variants were compared with single nucleotide polymorphism databases.
RNA studies
Fibroblasts were cultured to confluency at passages 2 -8 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 25 mM HEPES, L-glutamine and antibiotics. Parallel cultures were set up with the addition of 100 mg/ml CHX for 4 h prior to RNA extraction to study nonsense-mediated decay. Confluent cultures were used to extract RNA using TRI-reagent (Molecular Research Center, Cincinnati, OH, USA), following the manufacturer's protocol. First strand cDNA was synthesized from total RNA samples (1 mg each) using SuperScript III reverse transcriptase (Invitrogen, Grand Island, NY, USA). The amplification conditions included an initial denaturation at 658C for 5 min, then a primer-annealing phase at 258C for 10 min, an extension phase at 508C for 50 min and an enzyme denaturation step at 858C for 5 min. We performed reverse transcriptase -polymerase chain reaction (RT -PCR), using the cDNA templates to amplify desired regions (Table 4) of ATP6V0A2, for the determination of splicing changes from the intronic and frameshift mutations. After visualization on a 1.2% agarose gel, products were purified using the QIAquick gel extraction kit (Qiagen, Valencia, CA, USA), reamplified and then were subjected to direct sequencing. PCR primers were designed at least one exon away from the mutation under study to prevent amplification of potentially contaminating genomic DNA.
Quantitative PCR
We measured relative RNA expression levels, using quantitative PCR with cDNA templates synthesized from 1 mg RNA. We performed these reactions using iQ SYBR green supermix and an iCycler iQ PCR System (Bio-Rad, Hercules, CA, USA). To measure ATP6V0A2 expression, we used two assays, one spanning exon 1 (5 0 -TCCAGTTCCGAGACCTC AACCA-3 0 ) to exon 3 (5 0 -CTTCAGGAAGGGGAATATCA GCTCT-3 0 ), the other spanning exon 6 (5 0 -TGCAG AACTGGATGAATCCCTTGA-3 0 ) to exon 8 (5 0 -ACGTGG CAGTGGTAGCAATCACA-3 0 ). GAPDH was used as a reference transcript. Three independent experiments were performed, each in triplicates. 'No RT' samples were used as a PCR control measure for gDNA contamination. We performed DDC t analysis to assess the relative RNA expression levels, by first calculating the difference between the threshold cycle number (C t ) values of the target gene (ATP6V0A2) and the C t value of the corresponding reference GAPDH gene. These calculations were then expressed in relation to the calibrator, which was arbitrarily set at an expression level of 1.00. 
Electron microscopy
For EM, cultured skin fibroblasts or HeLa cells were fixed in glutaraldehyde, stained sequentially with OsO 4 and uranyl acetate, then dehydrated and embedded in Epon (40) . Thin sections (60 nm) were cut, placed on formvar-coated grids and counterstained with 7% methanolic uranyl acetate and lead citrate. Sections were viewed using a Tecnai 12 transmission electron microscope at 120 kV and images were digitally captured.
LOX assay
Measurement of activity was performed using the Amplex red fluorescence assay (41) . This method utilizes the oxidation of Amplex red by hydrogen peroxide catalyzed by horseradish peroxidase where resorufin, a fluorescent product, is generated. As LOX produces H 2 O 2 , the fluorescence intensity is proportional to its activity. Fibroblasts were cultured to confluency and then incubated in phenol-red-free medium (Invitrogen Corporation, Carlsbad, CA, USA) for 48 h. The medium was collected and concentrated using centrifugal filters (Amicon Ultra-15, 10 kDa, Millipore, St Charles, MO, USA) at 2500 rpm for 2 h at 48C. To verify the linearity of the assay, a standard hydrogen peroxide dilution series was prepared providing 100 ml of the final concentrations of H 2 O 2 : 0, 0.4, 0.8, 1.2, 1.6 and 2.0 mM. Concentrated protein samples were used as triplicates in a final volume of 120 ml. To completely inhibit LOX activity, parallel samples were prepared with 500 mM b-aminopropionitrile (BAPN) added. Finally, 30 ml of LOX 4Â reaction buffer providing a final concentration of 1.2 M urea, 50 mM sodium borate (pH 8.2), 40 mM cadaverine, 4 U/ml horseradish peroxidase and 40 mM Amplex Red were added to each standard and sample well. The reactions were incubated at 378C for 30 min, and the fluorescence was measured using a fluorescent plate reader (Tecan) at 378C with excitation and emission wavelengths at 560 and 590 nm, respectively, 12 times, every 15 min. Fluorescence results of BAPN-treated samples were subtracted from untreated samples, and the reaction speed defined as relative fluorescence unit change per minute (RFU/min) was determined for each replicate by linear regression. Mean reaction speed values were determined for all replicates within each group (patient and controls), and Student's t-test was used for statistical analysis.
Insoluble elastin assay
Skin fibroblasts from four patients and four age-and sexmatched control subjects were plated on 60 mm cell culture dishes (100 000 cells/dish) and were grown to confluency. Then, 20 mCi of 3 H-leucine (Sigma) was added to each dish with fresh media. Cultures were incubated over a time course of 10 days and replenished with fresh media and radioactive leucine at days 3 and 6. At each time point, days 3, 6 and 10, the cultures were terminated and assayed for insoluble elastin as described previously (26, 42) . Briefly, after the removal of culture media, cell layers containing insoluble elastin deposited in the extracellular matrix were washed in 0.1 M acetic acid and then scraped in 0.1 N NaOH and centrifuged. The pellets were boiled for 45 min in 0.5 ml of 0.1 N NaOH to dissolve all extracellular matrix components except elastin. After centrifugation, the supernatants were saved to measure the radioactivity incorporated into total non-elastin insoluble proteins. The pellets containing the insoluble elastin were then hydrolyzed by boiling in 200 ml of 5.7 N HCl for 1 h, and the aliquots mixed with scintillation fluid and counted. A parallel set of cultures were grown under the same culture conditions except the presence of 
Pulse -chase immunoprecipitation of TE
Fibroblasts from patients and normal samples were grown in 60 mm culture dishes. Three days after confluency, cells were incubated in leucine-free medium containing 5% dialyzed FBS for 1 h prior to metabolic labeling with 20 mCi/ml of 3 H-leucine. After 4 h of metabolic labeling (pulse), the cell layer was washed twice with warm PBS, and fresh DMEM media without FBS was added to each dish and chased for 0, 15, 30 min and 1 h time points. The chased medium was collected immediately for the first time point (0 min), and cell layer was washed three times with cold PBS and incubated with 1 ml of cold lysis buffer [25 mM Tris -HCl (pH 7.5), 5 mM EDTA (pH 7.5), 250 mM NaCl, 0.1% Triton X-100] with protease inhibitors (Sigma) for 30 min at 48C on a platform shaker. Cells were pelleted by centrifugation, and the cell lysate was transferred in to clean tubes. The medium and lysates were processed for the subsequent time points and was immunoprecipitated with PR398 (Elastin Product Company, MO, USA) primary antibody over night at 48C with gentle agitation. The following day, 40 ml of Pansorbin (EMD Chemicals, Gibbstown, NJ, USA) suspension was added to each tube and further incubated for 1 h at 48C with gentle agitation. The immune complexes were pelleted and the pellets were washed twice with lysis buffer and once with non-detergent buffer [10 mM Tris -HCl (pH 7.5), 5 mM EDTA (pH 7.5)]. After, the final wash, the pellets were suspended in 1 ml scintillation liquid and measured for radioactivity using a Beckman LS 6000 K scintillation counter. Raw counts for immunoprecipitates were normalized to the activity of aliquots of the media and cell lysates prior to immunoprecipitation.
TUNEL assay
Apoptotic cells were stained using ApopTag fluorescein direct in situ apoptosis detection kit (Chemicon, Temecula, CA, USA) according to the manufacturer's instructions. Briefly, fibroblasts were grown on coverslips in 6-well plates. Confluent cultures were fixed in 1% paraformaldehyde in PBS for 10 min at ambient temperature (AT). Following two washes in PBS for 5 min, cell cultures were post-fixed and permeabilized in pre-cooled ethanol:acetic acid (2:1) for 5 min at 2208C and then washed in PBS three times. For positive controls, cell cultures were incubated in DNase buffer (30 mM Tris -HCl, pH 7.2, 4 mM MgCl 2 , 0.1 mM DTT) for 5 min at AT. Then, 150 ml DNaseI working solution (1000 U/ml) was applied to positive control samples for 10 min at AT. Cell cultures were rinsed with five changes of water for 3 min each change. Samples were incubated in equilibration buffer for 10 s, and then immediately 110 ml of working strength terminal deoxynucleotidyl transferase enzyme was applied and incubated at 378C for 1 h in a dark humidified chamber. The reaction was stopped by incubation in stop/wash buffer for 10 min at AT. Coverslips were mounted using Antifade (Chemicon) containing 0.5 mg/ml propidium iodide and visualized with an Axioskop BX60 microscope (Zeiss). To calculate the rate of apoptosis, 20 fields, arranged in a matrix of 4 Â 5, of 10Â magnification were taken from each slide. Numbers of total cells (propidium iodide positive) and apoptotic cells (fluorescein positive) were counted. Student's t-test was used for statistical analysis.
